The pathway for synthesis of phosphatidylcholine, the dominant methyl-containing end product formed by Lemna paucicostata, has been investigated. Methyl groups originating in methionine are rapidly utilized by intact plants to methylate phosphoethanolamine successively to the mono-, di-, and tri-methyl (i.e. phosphocholine) phosphoethanolamine derivatives. With continued labeling, radioactivity initially builds up in these compounds, then passes on, accumulating chiefly in phosphatidylcholine (34% of the total radioactivity taken up by plants labeled to isotopic equilibrium with L-['4CH3jmethionine), and in lesser amounts in soluble choline (6%). Radioactivity was detected in mono-and dimethyl derivatives of free ethanolamine or phosphatidylethanolamine only in trace amounts. Pulse-chase experiments with ['4CH3Jcholine and 1H1 ethanolamine confirmed that phosphoethanolamine is rapidly methylated and that phosphocholine is converted to phosphatidylcholine. Initial rates indicate that methylation of phosphoethanolamine predominates over methylation of either phosphatidylethanolamine or free ethanolamine at least 99:1. Although more studies are needed, it is suggested this pathway may well turn out to account for most phosphatidylcholine synthesis in higher plants. Phosphomethylethanolamine and phosphodimethylethanolamine are present in low quantities during steady-state growth (18% and 6%, respectively, of the amount of phosphocholine). Radioactivity was not detected in CDP-choline, probably due to the low steady-state concentration of this nucleotide.
ABSTRACI
The pathway for synthesis of phosphatidylcholine, the dominant methyl-containing end product formed by Lemna paucicostata, has been investigated. Methyl groups originating in methionine are rapidly utilized by intact plants to methylate phosphoethanolamine successively to the mono-, di-, and tri-methyl (i.e. phosphocholine) phosphoethanolamine derivatives. With continued labeling, radioactivity initially builds up in these compounds, then passes on, accumulating chiefly in phosphatidylcholine (34% of the total radioactivity taken up by plants labeled to isotopic equilibrium with L-['4CH3jmethionine), and in lesser amounts in soluble choline (6%). Radioactivity was detected in mono-and dimethyl derivatives of free ethanolamine or phosphatidylethanolamine only in trace amounts. Pulse-chase experiments with ['4CH3Jcholine and 1H1 ethanolamine confirmed that phosphoethanolamine is rapidly methylated and that phosphocholine is converted to phosphatidylcholine. Initial rates indicate that methylation of phosphoethanolamine predominates over methylation of either phosphatidylethanolamine or free ethanolamine at least 99:1. Although more studies are needed, it is suggested this pathway may well turn out to account for most phosphatidylcholine synthesis in higher plants. Phosphomethylethanolamine and phosphodimethylethanolamine are present in low quantities during steady-state growth (18% and 6%, respectively, of the amount of phosphocholine). Radioactivity was not detected in CDP-choline, probably due to the low steady-state concentration of this nucleotide.
Phosphatidylcholine is a major component of the phospholipids of most plant species (16). Biosynthesis of the choline moiety clearly involves successive methylations of EA,' or its derivatives. Reviewers concur that in animals and microorganisms the methylations in question occur predominantly at the level of phosphatidyl bases (8, 12 ), but for plants there is still major uncertainty as to which compounds are the substrates for methylation. Enzymes have been reported in plants capable of methylating phosphatidyl-EA and its mono-and dimethyl derivatives, yet, summarizing the evidence available until 1982, Moore suggested that the pathway involving phosphatidyl derivatives was unlikely to be the major one (16). Successive methylation of free EA, MEA, and DMEA to form choline is a possible alternative suggested by Coughlan and Wyn Jones (2) to be the most important pathway in salinized spinach leaves. Choline 'Abbreviations: EA, ethanolamine; MEA, methylethanolamine; DMEA, dimethylethanolamine; P-EA, O-phosphoethanolamine; P-MEA, O-phosphomethylethanolamine; P-DMEA, O-phosphodimethylethanolamine; P-choline, O-phosphocholine; AdoMet, S-adenosylmethionine sulfonium salt.
synthesized by this reaction sequence would be incorporated into phosphatidylcholine via the well established intermediates, Pcholine and CDP-choline (16). As a third alternative, in the past few years Hanson and his colleagues have produced evidence that methylation of P-EA and its derivatives, may contribute significantly, along with the phosphatidyl pathway, in waterstressed barley leaves (11, 13) , and may indeed be the major route to phosphatidylcholine in salinized leaves of sugar beet (10) .
During the course of investigations of the metabolic fate of the methyl group of methionine in Lemna paucicostata (18) we recently made a number of observations which provide strong evidence that in this plant, growing under our standard conditions, methylations of P-EA, P-MEA, and P-DMEA constitute the dominant pathway, contributing at least 99% of the total flux of methyl groups ending in phosphatidylcholine. This paper reports and discusses these findings.
MATERIALS AND METHODS Growth of Lemna paucicostata Hegelm. 6746. Plants were grown axenically under the standard conditions previously described (6) . Compounds to be added to growth medium were filter-sterilized. Axenic conditions were maintained throughout all experiments with labeled compounds.
Paper Chromatography. Except as otherwise noted, paper chromatography was carried out on Whatman No. 1 paper using the descending method. Solvents used were: solvent A, phenol, 125 g:l-butanol, 125 ml:88% HCOOH, 6.8 ml:H20, 25.7 ml; chromatography paper predipped in 1 N KCl and dried (1) Synthesis and Identification of P-MEA and P-DMEA. P-MEA and P-DMEA were synthesized from P-EA by treatment with CH3I, and identified by the results of treatment of these compounds, themselves, with CH3I ( Methylated Derivatives of P-EA. As has previously been reported (18), after short incubation times a prominent feature of the electrophoretogram of each methanol-water-soluble fraction was a peak of radioactivity moving 3 to 8 cm toward the anode, almost, but not exactly as did authentic P-choline. With longer times of incubation this peak continued to be a prominent feature, but its mobility became increasingly similar to that of Pcholine. For each plant sample, this peak was eluted and subjected to paper chromatography with Solvent B. Only a single peak of radioactivity was observed, moving together with an internal marker of authentic P-choline. This peak was eluted and chromatographed with solvent C (60-64 h development) to yield values for radioactivity in P-MEA, P-DMEA, and P-choline.
Methylated Derivatives ofEA. For each plant sample, the area of the pH 7 electrophoretogram to which choline, MEA, and DMEA travelled together was eluted and chromatographed with solvent B. In several experiments the peaks of radioactivity moving with choline in solvent B were eluted and chromatographed with solvent C. From the combined results, values were obtained for radioactivity in MEA, DMEA and choline.
Analysis of Chloroform-Methanol-Soluble Fraction. This fraction of each plant homogenate was initially studied by chromatography on silica-gel paper with solvent E. The peak of radioactivity with mobility corresponding to that of authentic phosphatidylcholine was eluted and subjected to mild alkaline deacylation and acid hydrolysis in 1 N HCl in 17% aqueous ethanol at100°C for 3 h (18). These procedures convert phosphatidyl bases to the glycerylphospho-bases, then to the free bases. The hydrolysates were chromatographed with solvent C, and the amounts of radioactivity on the final chromatograms moving with authentic choline were used to calculate values for phosphatidylcholine.
Pulse ically. They were further identified by means of the products obtained by their treatment with graded amounts of CH3I (Table  I , experiment B). The identities of these materials were confirmed by treatment with phosphatase ofaliquots ofthe radioactive peaks from Figure  1, (Fig. 2) .
For each plant sample, the amount of radioactivity present in P-MEA, P-DMEA, or P-choline was determined from the final chromatogram with solvent C. The results (Table II) showed that at earliest times P-MEA and P-DMEA were each labeled almost as extensively as P-choline. During the 1st h of labeling radioactivity, expressed as a percent ofthe total taken up by the plants, continued to accumulate in the group of methylated derivatives of P-EA, but thereafter decreased. Meanwhile, P-choline progressively came to contain the dominant amount of radioactivity among the group of methylated derivatives of P-EA.
Methylated Derivatives of Phosphatidyl-EA. The values for phosphatidylcholine reported in Table II are based upon the amounts of radioactivity moving with phosphatidylcholine during chromatography with solvent E which were recovered as choline after mild alkaline deacylation, acid hydrolysis, and chromatography with solvent C. Methyl moieties from methionine initially enter phosphatidylcholine much less rapidly than they enter the P-EA derivatives. After a 1 min labeling period the amount of radioactivity in phosphatidylcholine was less than 1% of the total in P-EA derivatives. However, radioactive methyls continued to accumulate in phosphatidylcholine. With time this compound became the dominant methyl-containing entity, incorporating some 34% of the total methyls taken up by plants labeled to isotopic equilibrium.
During chromatography with solvent E phosphatidyl-MEA and phosphatidyl-DMEA move to a position between phosphatidylcholine and neutral lipids (Rphosphatidylcholine approximately 1.7) (see Fig. 4, below) . For the samples from plants labeled for 1 or 3 min this area of the chromatograms with solvent E was eluted and subjected to acid hydrolysis. The Experiments with I'4CH3iCholine. Giovanelli, Mudd and Datko (7) have previously reported the distribution of radioactivity between P-choline, choline, and phosphatidylcholine in Lemna paucicostata which had been labeled to isotopic equilibrium by growth for 5.5 doublings in the presence of 9.7 nM
[14CH3]choline. During the present work, it was further shown that in these plants only traces of radioactivity were detected in CDP-choline. Although the amounts were too small to measure accurately, it was estimated that the radioactivity in CDP-choline was no more than 1% that in P-choline, 0.5% that in choline, and 0.05% that in phosphatidylcholine.
To further study the metabolism of ['4C]choline, a pulse chase experiment was performed (Table III) . As shown previously (4, 5) , choline is taken up from the medium by Lemna paucicostata by a specific high-affinity system and is rapidly converted to Pcholine. Table III shows that within a few hours radioactivity chased out of P-choline, and accumulated chiefly in phosphatidylcholine. Thereafter, the distribution of radioactivity remained relatively stable.
Pulse-Chase Experiments with pIHIEA. To further explore the metabolism of EA, pulse-chase experiments were performed. EA is taken up rapidly from the medium via a specific high affinity active transport system different to that responsible for choline uptake (4, 5) . The results of two pulse-chase experiments are reported in Table IV . The first experiment, (A, Table IV) confirmed the previous finding that EA taken up by the plants is rapidly phosphorylated (4), and showed further that phosphorylation is followed quickly by methylation to P-MEA, P-DMEA, and P-choline. (Note that because P-EA and P-choline separate incompletely during the chromatography with solvent C used in this experiment, there was some uncertainty in the attribution of radioactivity in the relevant area between these two compounds.) EA was incorporated rapidly also into phosphatidyl-EA, but entered phosphatidylcholine and soluble choline only after pronounced lags and in small quantities during the time of this experiment. No radioactivity from [3H]EA was detected in MEA, DMEA, phosphatidyl-MEA, or phosphatidyl-DMEA. However, since the procedures used to search for these compounds each involved a step in which there was possible loss through volatilization,2 the sensitivity of these results is not certain. To avoid these difficulties, and to enhance the sensitivity, a second experiment was carried out (experiment B, Table IV), using improved analytical procedures. Figures 3 and 4 display some of the results. The distribution of radioactivity in P-EA and its methylated derivatives agreed well with that observed for the same chase period during the first experiment. Radioactivity was now definitely detected in MEA and DMEA (Fig. 3) , as well as in phosphatidyl-MEA and phosphatidyl-DMEA (Fig. 4 and Table IV ), although the amounts were extremely small (note change in scale of ordinate between panels B and C of Fig. 3) .
Phosphatidyl-EA Concentration. The concentration of this compound was determined by measuring its 32p content in plants which had been grown to isotopic equilibrium in 32P043-. A value of 0.26 nmol/frond was obtained. In the same experiment, the value for phosphatidylcholine was 0.69 nmol/frond (cf. Ref. 18).
DISCUSSION
In the present paper we report in detail methods for the preparation ofradioactive P-MEA, P-DMEA, MEA, and DMEA, and their identification, as well as chromatographic procedures permitting separation of these compounds from one another and from P-EA, P-choline, EA, and choline. By use of these methods we have been able to gain new insight into pathways of EA and choline metabolism in L. paucicostata. A variety of the results obtained together indicate that the transmethylation reactions contributing ultimately to the synthesis of phosphatidylcholine involve predominantly, perhaps exclusively, methylation of P-EA and its mono-and di-methyl derivatives:
(a) Studies with methionine labeled with radioactivity in the methyl group demonstrate that such methyls are rapidly utilized to methylate P-EA successively to P-MEA, P-DMEA, and Pcholine (Table II) . However radioactivity does not continue to accumulate in these P-EA derivatives, which therefore must be turning over relatively rapidly. The results of pulse-chase experiments with ['4CH3]choline and [3H]EA were in agreement (Tables III and IV) . Radioactivity chases from P-choline, and accumulates chiefly in phosphatidylcholine. EA was rapidly converted to P-EA, which underwent successive methylations to P-MEA, P-DMEA, and P-choline, but, within 1 h, radioactivity was chasing out of P-EA, P-MEA, and P-DMEA.
(b) Methyl groups from methionine entered phosphatidylcholine only after an initial lag, but continued to accumulate in this compound until it became the dominant methyl-labeled entity in the plants (Table II) . Neither phosphatidyl-MEA nor phosphatidyl-DMEA were detected in the experiments with methyllabled methionine at times when P-MEA and P-DMEA were readily measurable. Again, the results of the pulse-chase experi- Although by the longer periods of chase, radioactivity originating in EA was fluxing into phosphatidycholine, the amounts of radioactivity in phosphatidyl-MEA and phosphatidyl-DMEA at such times were extremely low, measurable only by an experiment of high sensitivity (Table  IV) . Although these lines of evidence do not finally exclude methylation occurring at the level of phosphatidyl-EA, they fail to provide any indication that this pathway is playing an important role. An upper limit for the contribution of the pathway involving methylation of phosphatidyl derivatives is set by the finding that the rate of entry of methionine methyls into phosphatidyl-EA derivatives during the first minute of labeling was less than 1% of the rate of entry into P-EA derivatives (Table II) . Methylation at the phospho-base level must then predominate over methylation at the phosphatidyl-base level by at least 99:1.
(c) The evidence with respect to methylation of free EA is much the same as that concerning methylation at the phosphatidyl level. Radioactivity originating in either the methyl group of methionine, or in EA, made its way into free choline only after appreciable lags, and partially methylated derivatives of EA were detected only in trace amounts in experiments of extreme sensitivity. From the data for the first minute of labeling (Table  II) , again it may be estimated that methylation at the phosphobase level predominates over methylation of free EA by at least 99:1.
Consistent with the evidence reported here for the dominance of methylation at the phospho-base level, we have recently demonstrated that crude cell-free extracts of Lemna paucicostata catalyze the transfer of methyl moieties from AdoMet to P-EA, P-MEA, and P-DMEA, forming, respectively P-MEA, P-DMEA, and P-choline. Under the same conditions, these extracts did not catalyze detectable methylation of EA, MEA, or DMEA.
As mentioned in the introductory statements, Hanson and his coworkers (10 (Table IV) . The peak at 12 to 17 cm contained phosphatidylcholine only. All radioactivity from the minor peak at 7 to 11 cm after acid hydrolysis was in ethanolamine (the original peak was presumably lysophosphatidyl-EA), as was that from the minor peak at 28 to 33 cm.
,arious plant tissues. Clearly further work is needed to define major pathway(s) in higher plants. However, at the moment, our opinion it is not unreasonable to postulate that methylaof P-EA and its derivatives will turn out to be the major iway in most higher plants. The experimental approach and niques described in this paper appear capable of providing nitive evidence.
According to our present formulation, P-MEA, P-DMEA, and holine are important intermediates on the biosynthetic route ihosphatidylcholine. However, it is noted that these phosphoIs are present in relatively low quantities. Giovanelli et al. (7) nd that of the total choline moieties of L. paucicostata, some are present as P-choline, 7% as free choline, and 89% as isphatidylcholine. From the present work an approximate er limit for the concentrations of P-MEA and P-DMEA tive to that of P-choline can be estimated from the relative punts of radioactivity contained in these three compounds r continuous labeling with L-['4CH3]methionine for 240 min, me when these particular compounds are probably close to g isotopically equilibrated with one another (Table II) . Calted in this way, during steady-state growth P-MEA contains as many methyls as P-choline, while P-DMEA contains 4%. wing for the differences in methyl moieties/molecule, these es convert to molar ratios for P-MEA: P-DMEA: P-choline 8:6:100.
[ajor reactions in the synthesis of phosphatidylcholine in mna are summarized in Figure 5 . The only known pathway conversion of P-choline to phosphatidylcholine is by way of P-choline. Ample activities of the requisite enzymes, P-chocytidyltransferase and CDP-choline: 1,2-diacylglycerol Pline transferase (catalyzing reactions [9] and [11] , respecly), have been described in higher plants (16). Radioactivity ved from the methyl group of methionine was not detected DP-choline during the present experiments. However, it was onstrated that in plants labeled to isotopic equilibrium with [-3] choline, the amount of radioactivity in this nucleotide no more than 1% that in P-choline. It thus appears likely the steady-state pool size of CDP-choline is very small, gaining its failure to accumulate detectable quantities of ractivity under the conditions of the present experiments. A sh less likely alternative is that CDP-choline is not an interliate between P-choline and phosphatidylcholine. As ex-:ed from the results reported by Hanson and coworkers (9, the conditions we used to extract the plants and to process Plant Physiol. Vol. 82, 1986 Choline 1 (2) FIG. 5. Major pathways for EA and choline metabolism in Lemna paucicostata. The wavy line represents the boundary between medium and plant tissue. See text for further discussion of these reactions.
the extracts were sufficiently mild so that CDP-choline would have remained intact. Therefore, whichever of the above alternatives is correct, the possibility is excluded that the radioactivity observed in P-choline in our experiments arose by artifactual break-down ofCDP-choline. Likewise, since authentic ['4C]phosphatidylcholine was also recovered quantitatively after extraction, the observed P-choline did not originate during processing by breakdown of the phosphatidyl derivative. Figure 5 includes a pathway for conversion of P-EA to phosphatidyl-EA. This reaction sequence is indicated by the results of the [3HJEA pulse-chase studies. Presumably this conversion involves reactions (8) and (10) , catalyzed by P-EA cytidyltransferase and CDP-EA: 1 ,2-diacylglycerol P-EA transferase, each of which is readily demonstrable in higher plant extracts (16). According to the schema of Figure 5 , phosphatidyl-EA is an end product which does not undergo quantitatively important methylation. Phosphatidyl-EA was shown during the present work to be present at a concentration equivalent to some 38% of that of phosphatidylcholine in L. paucicostata growing under standard steady-state conditions. Present evidence suggests also the existence of certain metabolic reactions not indicated in Figure 5 . Radioactivity originating in methyl groups of methionine, or in EA, eventually enters free choline (Tables II and IV) . Liberation of choline from either P-choline or phosphatidylcholine by appropriate phosphatases, or (less likely) minor methylation of free EA could explain these observations. Similar possibilities apply to the origins ofthe trace amounts of radioactivity detected in free MEA and DMEA. Finally, the very minor amounts of radioactivity detected in phosphatidyl-MEA and phosphatidyl-DMEA could be accounted for by a minor methylation pathway at the phosphatidyl level, or by incorporation of P-MEA and P-DMEA by reactions analogous to (8) and (10) , or (9) and (11) . Figure 5 indicates, also, that EA or choline can be taken up from the medium. We have demonstrated previously that reactions (1) and (2) are each actively mediated by specific uptake systems, distinct from one another; and that uptake of EA or choline is rapidly followed by phosphorylation (reactions [3] and [41) (4, 5) . Kinases catalyzing reactions (3) and (4) Under our standard conditions, L. paucicostata is grown in a medium free of EA or choline. The growth rate is not accelerated by an added external source of either EA or choline (5) . During growth in standard medium endogenous synthesis of EA, or a derivative, must be occurring at a rate sufficient to satisfy the net requirement for both ethanolamine and choline derivatives. The reaction(s) accounting for such net synthesis are not specified in Figure 5 , nor does available evidence, summarized in several recent reviews of phospholipid biosynthesis in higher plants (8, 16, 17) , completely clarify this question. A decarboxylase converting free seine to free ethanolamine has been demonstrated in extracts from seedlings of Ecballium elaterium or cucumber (3), and phosphatidylserine decarboxylase activity has been detected in spinach leaves (15). Free EA was found by Lerch and Stegemann (14) in leaves of each of the 41 species of higher plants in which it was sought, and may therefore be presumed to be present in Lemna and most other plants. Lerch and Stegemann (14) did not detect conversion of seine to EA by detached leaves of Asperula odorata to which ['4C]serine had been administered, although leaves ofthis species contain a 'good concentration' of free EA. The present demonstration that methylation of EA derivatives occurs almost exclusively at the P-EA level raises with some immediacy the possibility that P-EA is formed directly by decarboxylation of phosphoserine. We are now attempting to obtain experimental evidence as to the physiologically important pathway which accounts for the bulk of net synthesis of plant ethanolamine moieties.
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